We consider a p-wave superconductor wire coupled to two metallic rings. confined to a onedimensional wire. At the two interface between the the wire and the metallic rings the pairing order parameter vanishes, as result two zero modes Majorana fermion appear. The two metallic rings are pierced by external magnetic fluxes. The special features of the Majorana Fermions can be deduced from the correlation between the currents in the two rings.
I Introduction
Topological Superconductors are characterized by the invariance under charge conjugation symmetry. As a result of this invariance zero modes Majorana fermion appear at the interfaces between the superconductor a metal. Sr 2 Ru is the material where Majorana fermion might be observed since the pairing order parameter is characterized by p x + ip y symmetry. The electronic excitations for the ground state pairing p x + ip y are given by half vortices which are zero mode Majorana fermions [1, [5] [6] [7] .
The realization of the p-wave superconductors physics and the formation of the zero mode Majorana Fermions at the edges of the wire can be achieved using a p-wave wire of length L coupled to two metallic rings which are pierced by external magnetic fields.The current in the rings is coupled to the p-wave wire trough the Majorana modes which are bound at the interface. For different fluxes in the rings we find that the excitations in the wires become imaginary resulting in an unstable vanishing current. The only stable current are obtained for the case that the imaginary part vanishes. The stable current are obtained for special relations between the magnetic fluxes and the wire excitations energy. This feature is attributed to the existence of the Majorana fermions. We find that the correlation between the currents in the two rings is affected by the presence of the Majorana Fermions. Therefore the model introduced here can be used for the identification of the Majorana fermions.
The content of this paper is as follows: In chapter II we present the model of the the p − wave wire coupled to two metallic rings. Using the left and right mover we obtain the continuum representation of the superconductor wire. At the two edges of the wire we obtain the two zero modes of the wire. The effect of the coupling between the wire and the metallic rings is dominated by the zero modes of the wire. As a result we derive the effective Hamiltonian between the zero modes and the metallic rings. This effective Hamiltonian is controlled by the low energy excitation in the wire (the coupling energy between the two edges) ǫ ≈ |∆ 0 |e −L|∆ 0 | ,L|∆ 0 | >> 1 where ∆ 0 is the pairing field and L is the length of the wire. In section III we consider the case that the wire energy ǫ → 0. In section IV we consider the case where the wire energy is finite. Section V is devoted to conclusions.
II-The model for the p-wave wire weakly coupled to two rings pierced by external fluxes
The p-wave wire of length L is given by the Hamiltonian H P −W :
The pairing gap is given by∆ and the polarized fermion operator is given by C(x) ≡ C σ=↑ (x).
The matrix elements γ x,x ′ obey obey the p-wave symmetry: γ x,x ′ =x−a = −γ x,x ′ =x+a , |γ x,x ′ | = 1, therefore the time reversal and parity symmetry are both broken and obeys the pairing
We introduce the right and left fermions in the continuum representation for the fermions in the wire :
L (x) and find that equation 1 is replaced by the Hamiltonian :
This Hamiltonian is invariant under the charge conjugation symmetry. The spinor
, where K is the charge conjugation operator.
where
sgn(x−L) obeys the domain wall property:
T and eigenstates of the operator σ y η λ (x) = λη λ (x) with λ = ±1. The zero mode spinor which is localized around x = 0 is identified with λ = −1 and the second one which localized around x = L is identified with λ = 1
The spinor operator Ψ(x) with the two zero mode Majorana operators α l (at the left edge) and α r (at the right edge), (α r )
takes the form :
As a result the low energy of the p-wave wire is given by:
At this stage we include the two rings Hamiltonian pierced by the fluxesφ i , i = 1, 2 and length l ring << L. The left ring is restricted to the region −l ring ≤ x ≤ 0 and the right ring is restricted to L ≤ x ≤ L + l ring . Since only the wire fields at x = 0 and x = L are involved we fold the space of the right ring i = 2 such that both rings are restricted to the region −l ring ≤ x ≤ 0. As a result the external fluxes obey:φ 1 →φ 1 andφ 2 → −φ 2 . In addition we replace for each ring the fermion operator ψ i (x),i=1,2 by the right R i (x) and lef t fermions L i (x):
We replace for each ring the right and lef t movers by four Mayorana operators:
The the matrix element between the wire and rings is given by −g. As a result the low energy hopping Hamiltonian is given by:
We replace the Majorana zero modes α l and α r by the fermion pair, q = α l +iα r , q † = α l −iα r which obey: [q, q † ] + = 1, q † |0 >= |1 > and q|1 >= |0 > where |0 > is ground state of wire and rings:
The right and left mover are given as a linear combination of particles and holes operators.
are the creation operators for holes.
Using the Fermionic representation we replace H P −W given in equation 5 and H T given in equation (8) by :
The value of the wire energy ǫ in equations 5, 10 is based on the projection of the spinor (in equation 4) on the zero modes η λ=1 (x) and η λ=−1 (x). Since the leads couple to the modes in the wire, we expect that the non-zero modes will give rise to a finite width of the energy ǫ. Therefore for finite energies we will replace ǫ byǫ ≡ ǫ − iΓ, where the width Γ ∝ g 4 .
We perform an exact integration over the fermion operators q,q † and find the time dependent effective interaction H ef f (t):
where µ[t, t ′ ] is the step function which is one for t > t ′ .
III-
The effective interaction H ef f (t) in the limit ǫ → 0
When ǫ → 0 equation 11 is replaced by :
Using the scaling analysis given in [12] we observe that the effective interaction flows to the strong coupling limit and find 
>= 0 the constraint condition implies for particles (p stands for particles) the equation :
We find the constraint equation:
The explicit identity contains the phase factor e −i π 2 which is obtained from Bosonization (see below). Following equation 14 we find the constraint condition for the ground state
Following [4] we find two additional constraints equation :
Any eigenstate of N particles must satisfy the set of equations 15 − 17 with the periodic boundary condition ψ i (x) = ψ i (x + l ring ). For the case N = 1 (one particle) we have :
where f i (x) are the amplitudes . Using equations 15 − 17 we find finite solutions for the amplitudes f i (x) only when the fluxes are equal.
IV-The finite limit ǫ = 0
In order to study the finite limit ǫ = 0 we will use the zero mode Bosonization method [8, 12] . The right R i (x) and left L i (x) fermions for each ring i = 1, 2 is given by:
Where As a result we obtain the zero mode representation in terms of the fermion numbers N L,i ,N R,i and fluxesφ i in each ring:
Using the equations of motion i ) and G(t −
) :
H ef f (t) = −2iĝ
is the coupling constant and ν 0 ≡ ǫ , ν i ≡ ) and G(t −
) are given by:
We perform the integration with respect τ and find:
where H real ef f is the real part of the effective action:
The imaginary part H Im.
ef f of the action causes the current to vanish. Finite solutions will be obtained for the ground states |0 > which obey H Im.
ef f |0 >= 0. Therefore the solutions for finite currents are equivalent to a constraint condition for the ground state |0 >.
We find two cases for which a finite solution exist.
The first case corresponds to ν 0 ≈ (|
|) with the solution:
The second case corresponds to ν 0 ≈ (
) with the solution:
We introduce the definitions for the zero mode fields :
The solutions are independent on the arbitrary field u which plays the role of a gauge condition and has to be integrated out. We integrated over the field u we find the effective Hamiltonian for the conditions ν 0 ≈ (
) and ν 0 ≈ (
). We introduce the magnetic flux the variablesφ and ∆:
We can write both cases in a closed form:
The In order two investigate the Hamiltonian in equation 31 we will use the algebra of the zero modes [8, 13, 14] :
with the eigenvalues and commutation rules: 
In figure 2 we have plotted the current 
V-Conclusion
We have investigate the dependence of the current on the fluxes for the entire regime of parameters [12, 15] In the limit of large L , ǫ → 0 the current vanishes in both rings when the two fluxes are different. We observe that for a finite energy ǫ and different fluxes the current dependence is more complex. When the two fluxes are almost equal the current is a function of the averaged flux. For the case that the flux difference is comparable to the flux average, the current changes sign. We can interpret this effect as an Andreev reflection and represents a finger print of the Majorana fermions. 
